Activation of the transcription factor cAMP response element-binding protein (CREB) by neurotrophins is believed to regulate the survival, differentiation, and maturation of neurons in the CNS and PNS. Although phosphorylation of Ser133 is critical for the expression of CREB-regulated genes, the identity of neurotrophin-regulated Ser133 kinases has remained controversial. We show here that neurotrophin-induced CREB phosphorylation in CNS neurons depends exclusively on the extracellular signal-regulated kinase 1/2-activated kinase mitogen-and stress-activated protein kinase 1 (MSK1). Small interfering RNA directed against ribosomal S6 kinase 1 (RSK1) and RSK2 reduced phosphorylation of a RSK substrate but did not effect CREB-dependent transcription. However, expression of a selective inhibitory MSK1 mutant markedly attenuated BDNF-stimulated CREB phosphorylation and CREB-mediated transcription. Moreover, the ability of neurotrophins to stimulate CREB phosphorylation was abolished in CNS neurons from MSK1 knock-out mice. Consistent with a role for MSK1 in Ser133 phosphorylation, neurotrophin-induced expression of CREB-regulated genes was attenuated in MSK-deficient neurons. These results indicate that MSK1 is the major neurotrophin-activated Ser133 kinase in CNS neurons.
Introduction
Activation of the transcription factor cAMP response elementbinding protein (CREB) by neurotrophins has been proposed to regulate synaptic plasticity, neuronal survival, neuronal maturation, and developmental plasticity. In particular, recent work suggests that CREB contributes to neurotrophin-mediated survival in the CNS by activating programs of anti-apoptotic gene expression. Although activation of CREB-regulated transcription by neurotrophins requires CREB Ser133 phosphorylation, the identity of the kinase or kinases that trigger CREB phosphorylation has remained obscure. Interestingly, for unknown reasons neurotrophin-stimulated CREB phosphorylation is not always sufficient for transcriptional activation (Ahn et al., 1998; Mayr et al., 2001) . Thus, the identification and characterization of the neurotrophin-regulated Ser133 kinase is critical to our understanding of the complex mechanisms that lead to transactivation of CREB.
Neurotrophins bind to receptors composed of Trk tyrosine kinase receptors and/or p75 receptors (Huang and Reichardt, 2001 ). BDNF and NT4 selectively activate the TrkB receptor, NT3 selectively activates the TrkC receptor, and NGF activates the TrkA receptor. Binding of neurotrophins to Trk receptor subunits results in autophosphorylation of a set of conserved tyrosine residues that recruit activators of the extracellular signalregulated kinase (ERK) 1/2, PLC␥, and PI3 kinase cascades.
Several studies have suggested that the recruitment of PLC␥ to Trk receptors is critical for neurotrophin-stimulated CREB phosphorylation in cortical neurons (Finkbeiner et al., 1997; Minichiello et al., 2002) . It has been proposed that PLC␥-mediated release of intracellular Ca 2ϩ triggers CREB phosphorylation via activation of Ca 2ϩ -CaM-regulated kinase IV (CaMKIV) (Finkbeiner et al., 1997; Minichiello et al., 2002) . In support of this, inhibitors of CaM kinases reduced BDNFstimulated CREB phosphorylation in primary cortical neurons. PLC␥ also plays a role in the activation of ERK1/2 signaling, possibly by activating PKC␦ or by recruiting Grb2 (Huang and Reichardt, 2001) . Although one study found that ERK1/2 signaling was required for BDNF-induced CREB phosphorylation (Pizzorusso et al., 2000) , other studies have suggested that it does not play a major role in cortical neurons (Finkbeiner et al., 1997; Minichiello et al., 2002) . Recently ERK5 and p38 mitogenactivated protein kinase (MAPK) have also been proposed to contribute to neurotrophin-stimulated CREB phosphorylation in pheochromocytoma cell line (PC12) cells and sympathetic neurons, respectively (Xing et al., 1998; Watson et al., 2001 ).
ERK1/2, ERK5, and p38 MAPK cannot directly phosphorylate CREB Ser133 because it is not a proline-directed phosphorylation site. The ribosomal S6 kinase (RSK) family of kinases were proposed to be neurotrophin-regulated CREB kinases because overexpression of inhibitory RSK2 mutants reduced epidermal growth factor (EGF)-induced CREB phosphorylation (Xing et al., 1996) , and cells deficient for RSK2 were found to be deficient for EGF-stimulated CREB phosphorylation (Merienne et al., 2001) . The mitogen-and stress-activated protein kinase (MSK) family of ERK-and p38 MAPK-activated kinases have also been shown to be important for stress-and mitogen-induced CREB phosphorylation in fibroblasts and embryonic stem cells Wiggin et al., 2002; Schuck et al., 2003) Nevertheless, because mitogen-induced CREB phosphorylation was only partially attenuated in MSK-deficient cells (Wiggin et al., 2002) and is not attenuated in several RSK2-deficient cell types (Bruning et al., 2000; Soloaga et al., 2003) , the contribution of MSKs or RSKs to neurotrophin-induced CREB phosphorylation is not clear. Although the mechanism by which neurotrophins phosphorylate CREB has been extensively studied, the identities of the signaling pathways that mediate CREB phosphorylation remain controversial. Because most attempts to study neurotrophinmediated CREB phosphorylation have relied on pharmacological approaches that inhibit multiple kinases, the objectives of this study were to rigorously dissect the signaling pathways that mediate neurotrophin-induced CREB phosphorylation in CNS neurons.
Materials and Methods
Pharmacology and reagents. Neurons were pretreated with inhibitors for at least 30 min. Exposure of U0126, PD184352, and KN62 to light was minimized. All inhibitors were purchased from Calbiochem (La Jolla, CA) and were stored at Ϫ20°C in single-use aliquots in DMSO. BDNF (Alomone Labs, Jerusalem, Israel; Chemicon, Temecula, CA) and NT-3 (Alomone) were dissolved in dH 2 O, whereas forskolin (Sigma, St. Louis, MO) was dissolved in DMSO.
Plasmids. The following plasmids have been described previously: DN MEK, cAMP response element (CRE)-luciferase, DN CaM kinase IV, pUB6-GalCREB (Impey et al., 2002) , and ⌬p85 (Poser et al., 2000) . MSK1 was cloned from human cDNA, and the D195A and D565A mutations were introduced by PCR-based mutagenesis and verified by automated sequencing (ABI). RSK2 was cloned from rat hippocampal cDNA, and the K100R mutation was introduced using PCR. pCAG-LacZ or pUB6-LacZ were used to normalize for transfection efficiency. RSK1 and RSK2 small interfering RNA (siRNA) oligos were ligated into mU6pro (Yu et al., 2002) and verified by automated sequencing. Details on the subcloning and purification of plasmids will be provided on request.
Cell culture. The neocortex was excised from postnatal day 1-3 pups, finely minced, and digested enzymatically at 37°C for 30 min with papain (100 U/ml; Worthington, Freehold, NJ) in dissociation media (90 mM Na 2 SO 4 , 30 mM K 2 SO 4 , 16 mM MgCl 2 , 0.25 mM CaCl 2 , 32 mM HEPES, and 0.01% phenol red, pH 7.7). The tissue was rinsed by gravity precipitation five times in Opti-MEM (Invitrogen, San Diego, CA) and gently triturated into a single-cell suspension with a 5 ml plastic serological pipette. The cells were resuspended in Neurobasal A (Invitrogen) supplemented with 2% B27, 1 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Invitrogen) and plated on poly-D-lysine-coated plates (100 g/ml; Sigma). On day 2 in vitro the media was supplemented with 2.5 M AraC (Sigma). Cultures were maintained for 4 -7 d in standard tissue culture incubators at 37°C and 5% CO 2 .
Transfection. Cortical and hippocampal neurons were transfected with Lipofectamine 2000 (Invitrogen) as described by the manufacturer with the following exceptions: Neurobasal A plus 50 mM HEPES, pH 7.5, was used for lipid-DNA compaction and transfection, a 1:2 ratio was used for DNA:lipofectamine 2000 compaction, and conditioned media was retained and used to replace the transfection media. Electroporation of postnatal day 1 rat cortical neurons was conducted using the rat neuron nucelofection kit according to the manufacturer's instructions (Amaxa, Köln, Germany) except that 5 g of DNA was used, and cells were plated in Neurobasal A plus B27 (Invitrogen).
Western blotting. We treated 1-5 ϫ 10 6 hippocampal neurons (day 10 -14 in vitro) as indicated and lysed in 50 -100 l of 2ϫ SDS-PAGE buffer and boiled for 10 min. The samples were clarified by centrifugation (10 min at 28,400 ϫ g), and 10 -20 g of protein was subjected to SDS-PAGE electrophoresis. Gels were transferred to Immobilon-P membranes (Millipore, Bedford, MA) and blocked with 5% powdered milk in PBS. The following primary antibodies were used overnight at 4°C in TBST (0.1% Triton X-100, 10 mM NaF, and 5%BSA): rabbit anti-phospho-cAMP response elementbinding protein (1:1000; Cell Signaling Technology, Beverly, MA; Upstate Biotechnology, Lake Placid, NY), rabbit anti-phospho-Rsk Thr380 (1:1000; Cell Signaling Technology), rabbit anti-phospho MSK1 Ser376 (1:1000; Cell Signaling Technology), rabbit anti-phospho T308 Akt (1:1000; Cell Signaling Technology), rabbit anti-phospho-ERK5 (1:200; Cell Signaling Technology), mouse anti-phospho-ERK (1:10,000; Sigma), rabbit anti phospho Ser85 HSP27 (1:1000; Cell Signaling Technology), mouse anti-ERK2 (1: 1000; Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-RSK2 (1:2000; Santa Cruz Biotechnology), goat anti-Rsk1 (1:1000; Santa Cruz Biotechnology), mouse anti-hemagluttinin (HA) epitope (1:2000; Covance, Princeton, NJ), and mouse anti-cAMP response element-binding protein (1:200; Santa Cruz Biotechnology). Secondary antibodies (affinity-purified HRP-and AP-conjugated anti-IgG 1:2500; Jackson ImmunoResearch, West Grove, PA) were used at 22°C for 1-2 hr in 5% milk TBST. Immunoblots were washed 5 ϫ 15 min after antibody (Ab) incubations and were developed using either alkaline phosphatase (Applied Biosystems, Foster City, CA) or HRP chemiluminescence (NEN, Boston, MA; Amersham Biosciences, Arlington Heights, IL).
Immunochemistry. Cortical neurons were fixed in 5% formaldehyde in PBS, pH 7.4, with 50 mM HEPES for 5 min. Neurons and were blocked (1-2 hr at 22°C) in 5% BSA in PBS with 0.05% Triton X-100 and 10 mM NaF (PBST). All immunolabeling was conducted in 2.5% BSA PBST. The goat anti-RSK (Santa Cruz Biotechnology) Ab was used at 1:500, and the mouse anti-HA Ab was used at 1:200. Both were visualized with 1 g/ml Alexa 594 anti-rabbit IgG (Molecular Probes, Eugene, OR).
Reporter gene assays. Luciferase and ␤-galactosidase activity were measured using the Luciferase Assay and Galacoto-Light assay kits as described by the manufacturer (PerkinElmer Life Sciences, Emeryville, CA). A ␤-galactosidase vector with the same promoter as the other components of the transfection was used to normalize for transfection efficiency.
Immunoprecipitations. We treated 1 ϫ 10 6 cortical neurons as indicated and lysed in 1 ml of RIPA buffer [TBS, pH 7.5, 1% NP-40, 1% BSA, 0.5% sodium deoxycholate, 0.5% SDS, 10 mM NaF, 1 mM PMSF, 1 mM EDTA, complete protease inhibitor mixture (Roche, East Sussex, UK), and phosphatase inhibitor mixture I (Calbiochem)]. Lysates were sonicated 3 ϫ 30 sec, clarified by centrifugation at 14,000 ϫ g for 30 min, and precleared with 20 l of protein A or protein A/G (Pierce, Rockford, IL) and 0.5 g affinity-purified rabbit IgG (Zymed, San Francisco, CA). The supernatant was incubated with 1 g of anti-RSK2 (Santa Cruz Biotechnology), 1 g of anti-RSK1, or 8 g of anti-HA (HA.11; Covance) at 4°C overnight, followed by 20 l of protein A or A/G agarose (Pierce) for 1 hr. For immunoprecipitation, Western blots were washed 5 ϫ 10 min with RIPA buffer, the beads were pelleted at 8000 ϫ g for 5 min, and denatured by boiling in 2ϫ SDS-PAGE buffer for 5 min. Immunoprecipitates were separated by SDS-PAGE and immunoblotted as described above.
Immunocomplex kinase assays. For MSK1 immunocomplex kinase assays in PC12 cells, the immunoprecipitations were performed as described above and washed twice in kinase assay buffer (25 mM Tris-HCl, pH 7.5, 5 mM ␤-glycerophosphate, 1 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2, Calbiochem phosphatase inhibitor mixture I, and Roche protease inhibitor mixture) and assayed for kinase activity at 30°C for 30 min using 1 M glutathione S-transferase (GST)-cAMP response element-binding protein in kinase assay buffer containing 0.1 mM ATP. The kinase assays were terminated by the addition of 2ϫ SDS-PAGE buffer and were probed for Ser133 phosphorylation by Western blotting as described above.
For immunocomplex kinase assays in cortical neurons, cells were lysed in 50 mM Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM sodium pyrophosphate, 0.27 M sucrose, 1% (v/v) Triton X-100, 0.1% (v/v) 2-mercaptoethanol, and complete proteinase inhibitor mixture (Roche). The lysates were centrifuged at 13,000 rpm for 5 min at 4°C, and the supernatants were removed, quick frozen in liquid nitrogen, and stored at Ϫ80°C until use. Five hundred micrograms of soluble protein lysate was precleared for use with 5 l of protein G Sepharose for 30 min an 4°C. MSK1 was then immunoprecipitated using 5 g of an Ab raised against a peptide corresponding to residues 384 -402 of human MSK1 coupled to 5 g of protein G Sepharose. This Ab has been previously shown to be specific for MSK1 and does not immunoprecipitate MSK2 or RSK (Wiggin et al., 2002) . After 2 hr at 4°C, MSK1 immunoprecipitates were pelleted by centrifugation and washed twice in 50 mM Tris-HCl, pH 7.5, 0.1 mM EGTA, 0.5 M NaCl, and 0.1% 2-mercaptoethenol and once in 50 mM TrisHCl, pH 7.5, 0.1 mM EGTA, and 0.1% 2-mercaptoethenol. MSK1 activity was measured against crosstide (GRPRTSSFAEG, 30 M) in 50 mM Tris-HCl, pH 7.5, 0.1 mM EGTA, 10 mM MgAc, 0.1 mM 32 P-ATP, and 0.1% 2-mercaptoethenol. MSK1 assays were incubated at 30°C for 20 min, and the reaction was stopped by transferring onto P81 paper, which was then washed in orthophosphoric acid. Alternatively GST-cAMP response element-binding protein (5 g) was used as a substrate in the kinase assay, for these assays the reaction was stopped by the addition SDS sample buffer to give a final SDS concentration of 1%. The assay was then run on polyacrylamide gels. After coomassie staining of the gels, GST-cAMP response elementbinding protein bands were cut out from the gel and 32 P incorporation was measured by Cerenkov counting. One unit of activity (U) was defined as the phosphorylation of 1 nmol of peptide substrate in 1 min.
Real-time RT-PCR. 2-4 ϫ 10 6 mouse cortical neurons were treated as indicated, and RNA was isolated using the RNeasy kit (Qiagen, Hilden, Germany) and reverse-transcribed with Moloney murine leukemia virus (Invitrogen) and random decamers (Ambion, Austin, TX) according to the manufacturer's instructions. Levels of cDNA were measured by real-time SYBR green I (Invitrogen) PCR on an Opticon OP346 (MJ). Both Platinum Taq (Invitrogen) or HotStarTaq-based (Qiagen) PCR reactions were used. Details of the PCR reactions will be provided on request. All data were normalized to 18s message levels. Similar results were obtained when Tata-binding protein or glyceraldehyde-3-phosphate dehydrogenase message levels were used for normalization. The following primers were used: 18s-1, ccgcagctaggaataatgga; 18s-2, ccctcttaatcatggcctca; c-fos-1, accatgatgttctcgggtttcaa; c-fos-2, gctggtggagatggctgtcac; Mkp1-1, ggatgctggaggaagggtgttt; Mkp1-2, ggatgctggaggaagggtgttt; Nurr1-1, aagattcctggctttgctg; Nurr1-2, acaggggcatttggtacaag.
Statistical analysis. One-way ANOVA followed by the Tukey-Kramer multiple comparisons post-test was used to assess significance.
Results

An ERK-activated kinase mediates the phosphorylation and activation of CREB by neurotrophins
We used inhibitors and expression of inhibitory mutants to systematically characterize the signaling cascades that mediate neurotrophin-stimulated CREB Ser133 phosphorylation in rat CNS neurons. CaMKIV is widely believed to be the major BDNFstimulated CREB kinase in cortical neurons (Finkbeiner et al., 1997; Minichiello et al., 2002) . However, we were unable to detect a significant rise in cytoplasmic Ca 2ϩ in response to BDNF (data not shown) and the CaM kinase inhibitor, KN62, did not reduce BDNF-stimulated CREB phosphorylation (Fig. 1 A) , although it attenuated NMDA-stimulated CaMKIV phosphorylation (Fig.  1 B) . These data are consistent with previous studies (Pizzorusso et al., 2000) and indicate that CaMKIV does not function as a neurotrophin-regulated CREB kinase in primary cortical neurons.
Several studies have suggested that Akt might mediate neurotrophin-induced CREB phosphorylation (Du and Montminy, 1998; Pugazhenthi et al., 2000) . To address the involvement of Akt, we used a potent inhibitor of PI3-kinase, LY294002, to inhibit the phosphorylation and activation of Akt. Although BDNF-stimulated Akt phosphorylation was inhibited to below basal levels by LY294002, BDNF-stimulated CREB phosphorylation was not affected by LY294002 (Fig. 1C) . Consistent with Figure 1 . Neurotrophin-induced CREB phosphorylation is mediated by an ERK1/2-activated kinase. A, B, Cortical neurons were pretreated with 10 M KN62 or vehicle and stimulated with BDNF or NMDA for the indicated times (in minutes). Protein extracts were immunoblotted for phospho-cAMP response element-binding protein, ERK2, phospho-CaMKIV, or CaMKIV. C, Cortical neurons were pretreated with 10 M LY294002 or vehicle and stimulated with BDNF for the indicated times (in minutes). Protein extracts were immunoblotted for phospho-cAMP response element-binding protein, phospho-Akt, and total CREB. D, Rat cortical neurons were treated with 50 ng/ml BDNF or vehicle for 5 min. Akt1 was immunoprecipitated and assayed for kinase activity against GST-cAMP response elementbinding protein or GST-Bad. The kinase reactions were separated by SDS-PAGE, and the bands corresponding to the substrate were autoradiographed. Similar results were seen in three experiments. E, Cortical neurons were pretreated with 10 M PD184352 or vehicle andstimulatedwithBDNForNT3fortheindicatedtimes(inminutes).Proteinextractswereimmunoblottedforphospho-CREB,phospho-ERK,phospho-RSK1/2,phospho-Akt,phospho-ERK5,andtotalERK2.F,G,Corticalneuronswerepretreatedwith5MSB202190orvehicle andstimulatedwithBDNForsodiumarsenite(As)fortheindicatedtimes(inminutes).ProteinextractswereimmunoblottedforphosphocAMP response element-binding protein, phospho-HSP27, ERK2, and HSP27.
these results, Akt immunoprecipitated from BDNF-stimulated cortical neurons was not able to phosphorylate CREB in vitro, although it exhibited normal activity toward GSK3 (Fig. 1 D) . These data demonstrate that Akt is not a physiological Ser133 kinase in cortical neurons.
Although ERK1/2 signaling has been proposed to play a less significant role in neurotrophin-induced CREB phosphorylation (Finkbeiner et al., 1997; Minichiello et al., 2002) , these previous studies used inhibitors or mutants that only partially attenuated activation of ERK. Moreover, the small molecule inhibitors of ERK1/2 activation previously used to assess the contribution of this pathway to CREB activation can also perturb activation of ERK5 (Mody et al., 2001) . We used the novel MEK1/2 inhibitor, PD184352 (SeboltLeopold et al., 1999) , to specifically attenuate activation of ERK1/2 without inhibiting ERK5 phosphorylation (Fig. 1E) . The slight increase in the intensity and persistence of ERK5 phosphorylation in the presence of PD184352 is likely caused by the previously described negative regulation of ERK5 by the classical ERK1/2 pathway (Mody et al., 2001) . Because PD184352 attenuated neurotrophin-stimulated CREB phosphorylation to basal levels, these results suggest that an ERK1/2-activated kinase mediates neurotrophin-induced Ser133 phosphorylation. Similar inhibition of neurotrophin-stimulated CREB phosphorylation was observed in primary hippocampal neurons and cerebellar granule cells (data not shown). Together with the inhibitor data, these results indicate that in CNS neurons an ERK1/2-dependent kinase mediates neurotrophin-induced CREB phosphorylation.
Neurotrophin-induced Ser133 phosphorylation in PC12 cells has also been reported to require coactivation of p38 MAPK and ERK1/2 signaling (Deak et al., 1998; Xing et al., 1998) . However, in cortical neurons BDNF is a poor activator of p38 MAPK (Fig.  1 F) . Moreover, neurotrophin-induced CREB phosphorylation and CREB-mediated transcription were not affected by treatment with SB202190, a potent inhibitor of p38 MAPK ␣ and ␤ kinase activity (Fig. 1G) . SB202190 did not inhibit phosphorylation p38 MAPK in vivo, because SB202190 inhibits the kinase activity of p38 MAPK, and not p38 phosphorylation by its upstream activators (Lee et al., 1994; Cuenda et al., 1995) . The same dose of SB202190 attenuated HSP27 phosphorylation (a downstream target of p38 MAPK signaling) by arsenite (Fig. 1 F) . Thus, we conclude that an ERK1/2-regulated kinase is the major neurotrophin-regulated CREB Ser133 kinase in cortical neurons.
Evidence that RSK1 and RSK2 are dispensable for the activation of CREB by neurotrophins The RSK family of kinases are the most well characterized ERK1/ 2-regulated kinases, and as expected phosphorylation of RSK1/2 by neurotrophins is dependent on the ERK1/2 cascade (Fig. 1 E) . Several previous studies used overexpression of kinase-dead RSK2 to suggest that RSK2 is a physiological CREB kinase (Xing et al., 1998; Bonni et al., 1999) . However, the specificity of this mutant was never characterized, and we found that expression of K100R RSK2 markedly reduced the phosphorylation of another ERK1/2-activated kinase, MSK1 ( Fig. 2A) . To characterize the role of RSKs in the activation of CREB more selectively, we developed siRNA expression vectors that target both RSK1 and RSK2. Cotransfection of a pool of four siRNA vectors that target RSK1 and RSK2 attenuated the expression of epitope-tagged RSK1 and RSK2 by ϳ90% in cortical neurons (data not shown) and reduced the expression of endogenous RSK2 by Ͼ70% (Fig. 2B) . We also examined whether expression of siRNAs could deplete neurons for endogenous RSK by immunochemical staining with an Ab that recognizes both RSK1 and RSK2. Cortical neurons contransfected with siRNA constructs no longer expressed detectable RSK, whereas those cotransfected with empty vector had normal levels of RSK (Fig. 2C) .
To determine whether the siRNAs were able to inhibit phosphorylation of a RSK target, we transfected neurons with the A, Rat PC12 cells were transfected with empty vector (EV) or kinase-dead RSK2 mutants (RSK2 K100R) and stimulated with NGF for 15 min. Protein extracts were immunoblotted for phospho-MSK1, RSK2, and MSK1. B, Cortical neurons were electroporated with RSK1 (siRSK1) and RSK2 (siRSK2) siRNA DNAs. The cells were stimulated with BDNF (50 ng/ml), and protein extracts were immunoblotted for RSK2 and pCREB. C, Cortical neurons were transfected with a GFP expression construct and an eightfold excess of RSK1 (siRSK1) and RSK2 siRNA (siRSK2) DNAs. The cells were fixed and immunostained for total Rsk. Green fluorescence is GFP, and red fluorescence is staining for RSK. D, Cortical neurons were transfected with HA-tagged LKB1 and a fourfold excess of RSK1 (siRSK1) and RSK2 siRNA (siRSK2) DNAs. LKB1 was immunoprecipitated with an anti-HA Ab, and immunoprecipitates were immunoblotted for phospho-LKB1 Ser431. E, Cortical neurons were transfected with a CRE-regulated luciferase reporter and an eightfold excess of empty vector, siRNA vector RSK1 (siRSK1), or siRNA vector RSK2 siRNA (siRSK2). Neurons were treated with 50 ng/ml BDNF or 10 M forskolin (forsk) and assayed for luciferase activity. The data are quadruplicate determinations, and the error is SEM. Unless otherwise noted, all data are representative examples of at least three experiments.
known RSK substrate, LKB1 (Sapkota et al., 2001) , and examined the phosphorylation state of Ser428. Expression of RSK1 and RSK2 siRNA constructs, attenuated neurotrophin-stimulated LKB1 phosphorylation, indicating that these siRNAs effectively downregulated RSK activity (Fig. 2 D) . Under similar experimental conditions, coexpression of RSK1 and RSK2 siRNAs failed to significantly inhibit BDNF-stimulated CREB phosphorylation or transcription of a CREB-regulated reporter gene (Fig. 2 B,E) . These results indicate that a novel ERK1/2-activated kinase mediates neurotrophin-induced CREB phosphorylation.
MSK1 is an ERK1/2-regulated kinase that can phosphorylate CREB in response to neurotrophins MSK1 was initially characterized as an ERK-and p38 MAPK-regulated kinase that based on inhibitor studies was proposed to mediate NGF-induced CREB phosphorylation in PC12 cells (Deak et al., 1998) . However, subsequent work showed that the inhibitor used to implicate MSK had activity toward RSKs (Davies et al., 2000) , leaving the question of the identity of the ERK1/2-activated CREB kinase unresolved. In contrast to the regulation of MSK1 by NGF, in cortical neurons BDNFstimulated phosphorylation of MSK1 (at a residue essential for its activation) was completely attenuated by the inhibitor of ERK1/2 signaling, PD184352 (Fig. 3A) . Consistent with the idea that it is a physiological CREB kinase, epitopetagged MSK1 is localized exclusively to the nucleus (Fig. 3B) . To test if BDNF could stimulate the catalytic activity of MSK1 and RSK against CREB, both MSK1 and RSK2 were immunoprecipitated and assayed against CREB in vitro. BDNF stimulation of primary cortical neurons markedly stimulated the activity of MSK1 toward fulllength CREB in vitro (Fig. 3C) . However, in agreement with previous studies (Deak et al., 1998; Swanson et al., 1999) neurotrophin stimulation only marginally increased RSK2 activity toward full-length CREB (Fig. 3C) .
Expression of kinase-dead MSK1 attenuates neurotrophinmediated CREB phosphorylation and transcription
We initially explored whether neurotrophin-stimulated transcription depends on MSK1 by developing a selective interfering mutant. Expression of a MSK1 mutant that has inactivating mutations in both kinase domains (MSK1 KD) markedly attenuated NGF-stimulated wild-type MSK1 activity (Fig. 4A) . This mutant did not function by nonspecifically inhibiting upstream ERK1/2 activity because under the same conditions it had no effect on the activity of another ERK1/2 substrate, RSK2 (data not shown). Consistent with the idea that MSK1 phosphorylates CREB, expression of MSK1 KD markedly attenuated the ability of BDNF to promote Ser133 phosphorylation and CREB-dependent transcription in cortical neurons (Fig. 4 B, C) . Expression of MSK1 KD had no detectable effect on forskolin-stimulated transcription or Ser133 phosphorylation, indicating that MSK1 KD does not nonspecifically block Ser133 phosphorylation, but rather that it selectively inhibits the ability of MSK1 to target CREB. Collectively, these data show that expression of MSK1 KD in cortical neurons does not perturb activation of other ERK1/2 targets and strongly suggests that the effect of MSK1 KD on CREB phosphorylation and gene expression is caused by a selective reduction of MSK1 activity.
Neurotrophin-stimulated CREB phosphorylation is absent in MSK1-deficient CNS neurons
To address whether MSK1 is a bona fide CREB kinase, we examined neurotrophin-induced CREB phosphorylation in mouse cortical neurons deficient for both MSK1 and MSK2. BDNFinduced CREB phosphorylation was abolished in cortical neurons (Fig. 5A ) and hippocampal neurons (data not shown) cultured from MSK1 and MSK2 double knock-out (MSK1/2) mice. Similarly, NT3-induced CREB phosphorylation was also attenuated in MSK1/2-deficient neurons (data not shown). This deficit was not the result of compensatory regulation of ERK signaling because neurotrophin-induced phosphorylation of both ERK1/2 and RSK1/2 was not affected in MSK1/2-deficient neurons (Fig.  5A,B) , nor was the deficit in neurotrophin-induced CREB phosphorylation the result of a general impairment in CREB phosphorylation because forskolin-induced Ser133 phosphorylation was normal in MSK1/2-deficient neurons (Fig. 5A) .
In murine embryonic fibroblasts, both MSK1 and MSK2 contribute to stress-and 12-O-tetradecanoylphorbol-13-acetate (TPA)-mediated CREB phosphorylation (Wiggin et al., 2002) . . Protein extracts were immunoblotted for phospho-MSK1 and total MSK1. B, Cortical neurons were transfected with GFP (green) and HA-tagged MSK1. Cells were immunostained for the HA epitope (red) and were also stained with the DNA dye, Hoechst 33258 (blue). C, Mouse cortical neurons were treated with BDNF for 15 min. MSK1 and RSK2 were immunoprecipitated and assayed for kinase activity against full-length CREB. The data are quadruplicate determinations, and the error is SEM.
Consequently, we examined neurotrophin-induced CREB phosphorylation in neurons derived from mice deficient for the individual kinases. BDNF-induced CREB phosphorylation was not detectable in neurons deficient for MSK1, whereas neurons deficient for MSK2 had normal levels of CREB phosphorylation (Fig.  5B) . Antibodies that can be used to quantitatively measure endogenous MSK2 protein levels are not available. Therefore, we used real-time quantitative PCR to assess the levels of MSK1 and MSK2 message in cultured cortical neurons and in various adult CNS tissues. Consistent with our results showing that MSK2 is not required for neurotrophin-regulated CREB phosphorylation, MSK2 message was expressed at only 6% of MSK1 message levels in cortical neurons (Fig. 5C ). These results suggest that MSK2 may not contribute to CREB phosphorylation in cortical neurons because it is expressed at lower levels. They also raise the possibility that MSK2 may regulate CREB-dependent gene expression in other tissues such as brainstem and striatum. When these results are taken together with our work with MSK1 KD, they strongly suggest that MSK1 is the major neurotrophin-activated Ser133 kinase in CNS neurons.
Neurotrophin-stimulated transcription of endogenous CREB-regulated genes is attenuated in cortical neurons
Neurotrophins are thought to regulate the expression of c-fos and several other immediate early genes by cooperatively activating several transcriptional cascades (Bonni et al., 1995) . Although we have shown that MSK1 is critical for neurotrophin-induced CREB phosphorylation, it is conceivable that other pathways predominate at the level of transcription. Therefore, we used quantitative real-time PCR to determine whether neurotrophin-stimulated transcription is affected by the knock-out of MSK1 and MSK2. We chose to study c-fos, Mkp1, and Nurr1 because these genes contain CRE elements proximal to their transcriptional start sites and are believed to be CREB-regulated genes (Lonze et al., 2002) . As expected, expression of the inhibitory mutant ACREB attenuated BDNF-induced expression of reporter genes regulated by the c-fos, Mkp1, and Nurr1 promoters (Fig. 6 A) . Consistent with the idea that Ser133 phosphorylation is required for transcriptional activation of CREB, BDNF-stimulated transcription of a CREBregulated reporter was markedly attenuated in MSK-deficient neurons (Fig. 6 B) . Neurotrophin-stimulated transcription of the prototypical immediate early gene c-fos was reduced by ϳ50 -60% at early time points in cells deficient for MSK1/2. Because other immediate early gene products and other transcriptional pathways regulate the c-fos promoter, it is not unexpected that c-fos transcription was only modestly reduced in cells that lack MSK1 (Fig. 6C) . In contrast to c-fos, both Mkp1 and Nurr1 have promoters in which a CRE is the only well characterized stimulus-regulated enhancer element. Interestingly, neurotrophin-stimulated transcription of both Mkp1 and Nurr1 was markedly attenuated in MSK-deficient cells (Fig. 6 D,E) . Importantly, forskolin-induced transcription of all three genes was not significantly different in MSK-deficient cells, indicating that that there was no general impairment in signal-dependent activation of gene expression. Although phosphorylation of ERK1/2, RSK1/2, and Akt was unimpaired in MSK-deficient neurons, it is formally possible that the deficit in neurotrophinstimulated transcription is the result of a more general impairment in neurotrophin signaling. Therefore, we examined the expression of neurotrophin-regulated genes whose promoters do not contain CREs. BDNF-stimulated transcription of c-jun and SRF was unimpaired in cortical neurons derived from MSK1/2 knock-out mice (data not shown). These data mirror our results at the level of CREB Ser133 phosphorylation and A, PC12 cells were transfected with empty vector (EV) or an HA-tagged MSK1 construct and an excess of either empty vector or kinase-dead MSK1 (MSK1 KD). HA-tagged MSK1 was immunoprecipitated and assayed for kinase activity using purified CREB. Where indicated, PC12 cells were stimulated with 100 ng/ml NGF for 15 min. B, Cortical neurons were electroporated with GFP or kinase-dead MSK1 DNAs and stimulated with BDNF or forskolin (forsk; 10 M) for the indicated times (in minutes). Protein extracts were immunoblotted for phospho-cAMP response element-binding protein and total CREB. C, Cortical neurons were transfected with a CRE-regulated luciferase reporter and a 10-fold excess of empty vector or kinase-dead MSK1 (MSK1 KD). Neurons were treated with 50 ng/ml BDNF or 10 M forskolin and assayed for luciferase activity. The data are quadruplicate determinations, the error is SEM, and asterisks denote p Ͻ 0.01. strongly suggest that the genetic lesion of MSK results in the selective impairment of CREB activation by neurotrophins in CNS neurons.
Discussion
Although neurotrophins are potent activators of CREB-dependent gene expression, the identity of the signaling pathways that mediate neurotrophin-induced CREB phosphorylation and transcriptional activation has remained elusive. In this study, we made use of pharmacological inhibitors, inhibitory mutants, siRNAs, and mouse knock-outs to examine the role of potential CREB kinases in neurotrophin-mediated CREB phosphorylation. Multiple kinases have been proposed to mediate CREB Ser133 phosphorylation in response to neurotrophins, including Akt, MAPKAP-K2, CaMKIV, RSKs, and MSKs (Lonze et al., 2002) . Of these, MAPKAP-K2 is the least likely to be an in vivo CREB kinase because studies using small molecule inhibitors and knock-out mice have not supported the original reports that implicated MAPKAP-K2 (Deak et al., 1998; Rolli et al., 1999) . Consistent with this, in cortical neurons we find that an inhibitor of p38 MAPK, the upstream activator of MAPKAP-K2, was not able to attenuate BDNF-induced CREB phosphorylation.
CaMKIV has been proposed to play a major role in neurotrophin-mediated CREB phosphorylation (Finkbeiner et al., 1997; Minichiello et al., 2002) . However, we found that BDNF did not trigger measurable increases in intracellular Ca 2ϩ in cortical neurons, a result that is consistent with several other reports (Gaiddon et al., 1996; Pizzorusso et al., 2000) . Furthermore, we show that inhibitors of CaMKs did not significantly reduce either BDNFinduced CREB phosphorylation or CREBdependent transcription.
Although previous studies suggested that ERK1/2 signaling does not play a major role in neurotrophin-induced CREB phosphorylation (Finkbeiner et al., 1997; Minichiello et al., 2002) , we found that inhibition of ERK1/2 activation blocked neurotrophin-stimulated CREB phosphorylation and CREB-dependent gene expression. One possible reason that our results differ is that we used PD 184352, a novel inhibitor that completely attenuated activation of ERK1/2 in response to neurotrophins, whereas in previous studies ERK1/2 activation was only partially attenuated.
CREB cannot be phosphorylated by ERK1/2, directly indicating that an ERK-activated kinase mediates Ser133 phosphorylation. The RSK family of ERK-activated kinases is widely believed to be major CREB Ser133 kinases. Three main pieces of evidence promote this idea. First, RSK2 was found to be the major CREB kinase in a biochemical purification of NGF-stimulated PC12 cell extracts (Xing et al., 1996) . Second, overexpression of RSKs promoted CREB phosphorylation in several cell types (Xing et al., 1996 (Xing et al., , 1998 . Finally, cell lines from Coffin Lowry patients deficient for RSK2 were reported to have impaired EGF-induced CREB phosphorylation (De Cesare et al., 1998) .
The initial biochemical characterization of RSK2 as a CREB kinase was not supported by subsequent studies that found that the neurotrophin-regulated CREB kinase was distinct from RSK2 (Deak et al., 1998; Swanson et al., 1999) . Although expression of kinase-dead RSK2 has been reported to attenuate the activation of CREB in a number of systems, we found that expression of this RSK2 mutant can also attenuate the activation of MSK1 (another ERK target which had not been identified at the time of the original study). Recent work showing that growth factor-induced CREB phosphorylation was normal in cells derived from RSK2 knock-outs and Coffin Lowry patients reinforces the idea that RSK2 is not a physiological CREB kinase (Bruning et al., 2000; Dufresne et al., 2001; Wiggin et al., 2002; Soloaga et al., 2003) . To determine if RSK is a physiological CREB kinase in CNS neurons, we used RNA interference to markedly reduce the expression of RSK1 and RSK2 in cortical neurons. Although phosphorylation of the Figure 5 . Neurotrophin-induced CREB phosphorylation is absent in cortical neurons deficient for MSK1. A, Cortical neurons from wild-type or MSK1/2 double knock-outs were treated with 50 ng/ml BDNF (B) or 10 M forskolin (F) for the indicated times (in minutes). Extracts were immunoblotted for the indicated epitopes. B, Cortical neurons from wild-type mice, MSK1/2 double knock-outs, MSK1 knock-outs, or MSK2 knock-outs were treated with 50 ng/ml BDNF for the indicated times (in minutes). Extracts were immunoblotted for the indicated epitopes. C, Tissue from the indicated brain regions or cultures was used to prepare cDNA. Real-time quantitative PCR was used to determine mRNA levels for MSK1 and MSK2 in these brain regions.
RSK substrate LKB1 was blocked by duplex siRNA expression, neurotrophin-induced CREB phosphorylation and transcription were not significantly affected. These experiments argue that RSK1 and RSK2 do not play a major role in neurotrophinmediated CREB phosphorylation.
Because the ERK-and p38 MAPK-activated kinases, MSK1 and MSK2, have been shown to mediate stress-induced CREB phosphorylation in embryonic fibroblasts (Wiggin et al., 2002) , we examined the role of these kinases in the activation of CREB. Although MSKs are homologous with p70 S6 kinases and RSKs, they have an entirely different activation mechanism in that they are not phosphorylated by PDK1 and are apparently exclusively nuclear (Deak et al., 1998; Williams et al., 2000) . We found that expression of dominant-negative MSK1 inhibited BDNF-induced CREB phosphorylation and CREB-dependent transcription. In addition, we show that in cortical neurons from mice deficient for MSK1 and MSK2, BDNF or NT3 were unable to induce CREB phosphorylation. We also show that MSK1, rather than MSK2, is required for neurotrophin-mediated CREB phosphorylation in cortical neurons. This is in contrast to embryonic fibroblasts in which both MSK1 and MSK2 contribute to CREB phosphorylation by stress signals and TPA (Wiggin et al., 2002) . Taken together, the above data provides compelling evidence that MSK1 is the major neurotrophin-induced CREB kinase in CNS neurons.
Although the deficit in CREB phosphorylation in MSK knock-out mice was striking, CREB has been proposed to play a cooperative role in neurotrophin-induced transcription of immediate early genes (Bonni et al., 1995; Lonze et al., 2002) . Consequently, it is not clear to what extent a deficit in CREB phosphorylation correlates with a deficit in transcriptional activity. We examined the expression of the CREB-regulated genes, c-fos, Mkp-1, and Nurr1, and found that deletion of MSK1 and MSK2 attenuated neurotrophininduced transcription in a manner consistent with the dependency of the gene on the CREB pathway. Although previous work has shown that cells deficient for MSK1 and MSK2 have deficits in histone H3 and HMG-14 phosphorylation, these impairments did not correlate with deficits in gene expression . Consistent with this, neurotrophinstimulated transcription of genes that are not dependent on the CREB pathway was not compromised in MSK-deficient neurons. Thus, our results demonstrate that MSK1 is the major, if not the only, neurotrophin-stimulated CREB kinase in CNS neurons and suggest that MSK1 could mediate CREB phosphorylation in response to other stimuli that activate the ERK1/2 cascade.
Neurotrophins are potent regulators of neuronal survival in both the CNS and the PNS, and recent work suggests that neurotrophins might regulate survival by activating CREB-dependent gene expression (Bonni et al., 1999; Riccio et al., 1999) . Nevertheless, CREB also regulates neuronal survival independent of trophic factor stimulation (Herzig et al., 2000; Lonze et al., 2002) . Thus, it is unclear whether neurotrophin-mediated survival depends on CREB-regulated gene expression, and this question awaits further analysis of the role that specific CREB-regulated genes play in neuronal survival. In addition to their effects on survival, neurotrophins have been proposed to facilitate neuronal plasticity by triggering programs of de novo gene expression (Schuman, 1999) . The finding that MSK1 is the major neurotrophin-activated CREB kinase suggests that MSK1 may play a role in neurotrophin-regulated survival and synaptic plasticity in the CNS. Further study of MSK knock-out mice and Figure 6 . Neurotrophin-induced expression of CREB-regulated genes is impaired in MSK-deficient cortical neurons. A, Mouse cortical neurons were transfected with fos-luciferase, Mkp1-luciferase, or Nurr1-luciferase, and a 10-fold excess of empty vector or ACREB DNA. The neurons were treated with vehicle or BDNF for 3 hr and assayed for luciferase activity. The data were normalized for CAG-promoter driven ␤-galactosidase activity. The activity of the CAG promoter is not affected by expression of ACREB. B, Cortical neurons from WT and MSK1 Ϫ/Ϫ mice were transfected with GalCREB and Gal-luciferase DNAs. The cells were stimulated with forskolin or BDNF for 3 hr and assayed for luciferase activity as in A. C-E, Mouse cortical neurons from WT or MSK1/2 knock-outs were cultured and treated with BDNF, NT3, or forskolin for the indicated times (in minutes). cDNA was prepared, and real-time quantitative PCR was used to determine mRNA levels for c-fos, Mkp1, and Nurr1. The data were normalized to 18s RNA levels also determined by real-time PCR. Error bars denote SEM, and asterisks denote p Ͻ 0.01 (n ϭ 4 -10).
